Objective: Early detection and start of appropriate treatment are highly correlated with survival of sepsis and septic shock, but the currently available predictive tools are not sensitive enough to identify patients at risk. Design: Linear (time and frequency domain) and nonlinear (unifractal and multiscale complexity dynamics) measures of beat-to-beat interval variability were analyzed in two mouse models of inflammatory shock to determine if they are sensitive enough to predict outcome. Setting: University research laboratory. Subjects: Blood pressure transmitter-implanted female C57BL/6J mice.
T he rate of survival of sepsis and septic shock is highly correlated with early diagnosis and start of aggressive resuscitation and antibiotic treatment (1, 2) . However, resolution of the site of infection (source control), combined with early goal-directed therapy (fluid therapy, vasopressors, and supportive treatment), is only effective if multiple organ dysfunction syndrome (MODS) has not progressed too far. Over the last few decades, patient data monitoring systems are providing ever-increasing amounts of information to intensivists. The currently used evaluation systems score patients after the first 24 hours or at admission in the ICU to predict severity and survival (Acute Physiology and Chronic Health Evaluation III/IV, Simplified Acute Physiology Scores, and Sequential Organ Failure Assessment scores) and are mainly based on cohort analysis (3) (4) (5) . However, despite the availability of these evaluation systems, predicting outcome for a particular septic patient remains very difficult and is in daily practice is based on a physician's expertise, not on scoring systems (6, 7) .
Despite decades of research and multiple clinical trials, currently no mediator-targeted drugs are available in the clinic (8) (9) (10) . This is, in part, caused by the fact that the extrapolation of experimental (animal) data to the clinic is far from straightforward, indicating the need for reliable biomarkers that have a similar profile in both animal models and patients.
A potential candidate marker is the variability inherent in physiological time series, such as heart rate (HR) and blood pressure (BP) oscillations. A healthy organism is characterized by an extremely high degree of complexity that is, however, anything but random (11) . The numerous feedback loops inherent to any kind of biological system, together with the interactions at the molecular level, allow the organism to adapt, thereby preventing excessive mode-locking (12) . In other words, the system is in a dynamical state and is able to rapidly respond to a changing environment. That state, or the lack thereof, will be reflected in the HR and BP signals. Beat-to-beat interval variability is defined as the variation over time of the period between consecutive diastolic intervals ( Fig. 1) and is a consequence of input from the autonomic nervous system (ANS) as well as direct humoral effects on the sinus node of the heart. Various methods are available to quantify the variability in physiological time series, usually classified in 1) linear methods, either using time or frequency domain analysis, and 2) nonlinear methods (13, 14) . The latter are assumed to be more physiologically relevant considering the inherent complexity of biological signals. In this study, detrended fluctuation analysis (DFA), a measure of unifractal dynamics (15, 16) , and multiscale entropy (MSE), a measure of complex behavior (16, 17) , were used. MSE quantifies the regularity of a time series (sample entropy, S E ) over multiple scales: the more regular the signal, the lower the S E value. When a biological system is confounded, for instance, by a massive inflammatory insult, the components of that system, e.g. different organs, can become uncoupled from each other, driving organ dysfunction due to lack of interorgan communication and the resulting inability to adequately respond to the challenge ( Fig. 1 , inset) (18) .
As summarized by Buchan et al (19) , the potential of linear and nonlinear variability indices as diagnostic indicators for severe infection, sepsis, and MODS has been examined in a number of small clinical studies over the past few years. However, larger multicenter clinical trials will be required to validate these promising but preliminary findings on a broader scale. An important aspect that should not be overlooked is the development of translational variability indices in preclinical animal research, to avoid further complicating the already difficult translation of animal data to the clinic. As opposed to human studies, animal models still have the advantage of allowing analytical and interventional studies on clinically relevant variables.
In this study, we analyzed different linear and nonlinear variability measures in two mouse models of systemic inflammation, namely, tumor necrosis factor (TNF)-and lipopolysaccharide (LPS)-induced inflammatory shock, in order to determine their predictive value with regard to outcome. In addition, we developed a novel scoring method that can be used to monitor complex dynamics of beat-to-beat dynamics as a function of time.
MATERIALS AND METHODS

Mice
Female C57BL/6J mice were purchased from Janvier (Le Genest St Isle, France) or bred in our own facility. All mice were housed in temperature-controlled, individually ventilated cages in an specific pathogen-free facility with 14/10 hours of light/dark cycles, food and water ad libitum, and used at 15-28 weeks old.
Figure 1.
Overview of beat-to-beat interval variability concepts. The activity of the sympathetic and parasympathetic branches of the autonomic nervous system as well as the baroreceptor reflex and humoral effects (not shown) directly regulate the sinus node activity of the heart. In turn, the sum of these interactions will be reflected in the small time changes between RR (R-to-R peak) and BB (beat-to-beat) intervals. The variability in both signals can be quantified using a number of techniques that can be broadly classified into linear and nonlinear methods. Linear indices are further subclassified in time and frequency domain, while detrended fluctuation analysis (DFA) and multiscale entropy (MSE) were used to quantify fractal and complex dynamics, respectively. Inset, An inflammatory insult can cause uncoupling of interorgan communication (feedback) systems, thereby facilitating progressive multiple organ dysfunction syndrome due to failure of the system to adjust to challenging conditions. Recovery requires recoupling. Image created with Zygote Body Browser (Zygote Media Group, American Fork, UT). BP = blood pressure, ECG = electrocardiogram. 
Ethics Statement
All experiments were approved by the animal ethics committee of the Faculty of Sciences of Ghent University (Belgium) and performed according to its guidelines and comply with the European Council Directive (86/609/EEC).
Reagents and Injections
All reagents were injected IV in sterile saline (phosphate-buffered saline [PBS]). Recombinant mouse TNF was produced in and purified from Escherichia coli, LPS content was less than 0.02 ng/mg (chromogenic Limulus amebocyte lysate assay), and was administered at 150-750 μg/kg (n = 11). Phenol-extracted E. coli LPS (serotype O111:B4) was purchased from Sigma (St. Louis, MO) and administered at 9.5-12.5 mg/kg (n = 14). Care was taken to ensure that there were no significant differences in terms of age, body weight, and time of challenge within the TNF or LPS dataset.
Hemodynamic Measurements
BP, HR, and activity were measured continuously in conscious mice via radiotelemetry at 1,000 Hz (PA-C10 transmitters, Data Sciences International, St. Paul, MN) as previously described (20) . An analgesic was administered in the drinking water from the day before surgery until 4 days postsurgery. The animals were given at least 10 days to recover from the surgery.
Analysis of Beat-to-Beat Intervals
Appropriate BP traces were selected in Dataquest A.R.T v4.31 (Data Sciences International), transferred to LabChart Pro v7.3 (ADInstruments, Spechbach, Germany), highpass filtered at 3 Hz to remove baseline drift, and divided into blocks of 20 minutes of data. This block size allowed characterization of dynamics at high temporal resolution, while providing adequate sample size for reliable assessment of long-term correlations. Diastolic beat-to-beat intervals were detected with the HRV module v1.4.2, followed by manual editing of outliers. Linear indices of variability (time and frequency domain) were extracted directly from LabChart. Frequency domain variables were calculated with the following settings: fast Fourier transform size 1,024 points, window Welch, overlap 1/2, maximum frequency 5 Hz, and frequency bands 0.15 < low frequency < 1.5 < high frequency < 5 Hz. Diastolic interval time series were exported and the outliers identified in LabChart were spline corrected in Matlab R2012b (The MathWorks, Natick, MA) using the hrspline function (21) . Next, a forward and backward predictive autoregressive model was fit to the data, identifying any remaining small outliers based on the residuals of this model (ardeglch function) (21) . Identified outliers were then fed back into hrspline. The tachograms were visually checked for any remaining outliers. In case uncorrectable outliers were found, the data were excluded from the study. The fractal and complex dynamics of the spline-corrected time series were analyzed using the detrended fluctuation analysis (DFA, linear detrending, box size 4-320) algorithm and multiscale entropy (MSE, pattern length = 2, similarity criterion = 0.15, 20 scales) algorithm, respectively (15-17). Next, the scaling coefficient α was calculated by fitting a linear trend through the DFA result on a log-log plot. The S E values calculated via MSE were plotted as a function of increasing scales (n). All data blocks analyzed contained exactly 20 minutes of data (±12,000 intervals each) and are summarized in Table 1 .
MSE Score
Each MSE profile is assigned a score that quantifies how accurately it fits the profile of a theoretical white noise (random -1/f 0 ), pink noise (long-range dependence -1/f 1 ), or brown noise (random walk -1/f 2 ) dataset (Fig. 2) . The score consists of three components: 1) the more negative the f 0 component, the better the fit to a white noise dataset; 2) the more positive the f 2 component, the better the fit to a brown noise dataset; and 3) parts of the dataset that do not fall within either of those categories are assumed to behave according to f 1 . The variables of the algorithm were set a priori and fine-tuned based on the TNF dataset. Next, the method was validated against simulated white (1/f 0 ), pink (1/f 1 ), and brown (1/f 2 ) noise (Supplemental Fig. 1 
RESULTS
The Effect of TNF-Induced Inflammatory Shock on Beat-to-Beat Variability
Telemeter-implanted mice were injected IV with TNF to induce inflammatory shock. In retrospect, they were divided into "long-term survivors" (n = 7) and "lethal outcome" (n = 4) groups. The survivor group contained data from mice that were challenged with a low dose (150 μg/kg, n = 4) and a high dose (450-750 μg/kg, n = 3). The latter was as high as the dose used in the lethal outcome group. TNF challenge caused a transient increase in HR and mean arterial pressure (MAP) (Fig. 3, A and B) , similar to saline (PBS) controls (Supplemental Fig. 3, A and B , Supplemental Digital Content 1, http://links.lww.com/CCM/A945). After this initial peak, HR remained elevated, independent of the outcome for about 3 hours, while MAP traces were overlapping for approximately 2 hours. After this window, it was possible to distinguish between lethal outcome and survivors based on averaged absolute HR and MAP alone. Therefore, a window-of-interest (WOI) was defined, starting at t = 0 until 2.5 hours post-TNF. A useful variability index will have predictive power only if it can reliably distinguish between the two categories within the WOI. Linear (time and frequency domain) indices were affected similarly after TNF challenge for both categories, even outside the WOI (Fig. 3, C and D) . Also the analysis of fractal dynamics by the DFA scaling coefficients failed to distinguish between lethal and survival outcomes, although scaling coefficients were slightly lower for the lethal outcome group 40-100 minutes post-TNF (Fig. 3E) . For reference, linear variables and scaling coefficients were also calculated for saline (PBS)-injected control animals (n = 4) (Supplemental Fig. 3C-E 4 shows a number of representative MSE profiles: the absolute S E appeared to be influenced by handling stress, explaining the minor differences in the height of the profiles prechallenge ( Fig. 4A) . Pooling datasets together caused this effect to disappear (data not shown). However, the most important determinant of complex dynamics is the evolution of the S E values as a function of scale, that is, the shape of the profile. MSE profiles will be discussed in function of how accurately they fit to the two possible extremes within a physiological time series, namely, a correlated, highly complex ("healthy") signal will have a stable ("flat") profile (pink noise, 1/f 1 ), whereas a completely random signal will have a monotonously declining profile (white noise, 1/f 0 ), and a randomwalk signal (correlations exist but they do not behave in a physiologically optimal manner) will have a profile that increases with scale (brown noise, 1/f 2 ) (Fig. 2 ). In the [20-40 min] interval, the profile shapes were still similar for both categories although the absolute S E values were lower for the lethal outcome category (Fig. 4B) ; [60-80 min] post-TNF, the S E values of the survivor category were stabilized at larger scale values (Fig. 4C) , and this was a consistent feature, also at later time points ( Fig. 4D-F) . Thus, contrary to the linear indices and DFA, MSE has predictive power with regard to outcome very early after TNF challenge, long before absolute HR and MAP traces started to separate.
MSE Scoring Method
Because of the coarse-graining technique used by the MSE algorithm (17), a single profile captures information over multiple scales, which is not straightforward to interpret and only provides information for a single interval of time. Therefore, we developed an MSE scoring method that calculates three variables: 1) the f 0 (and f 0% ) score quantifies the fit of an MSE profile to a theoretical white noise profile; 2) the f 2 (and f 2% ) score quantifies the fit to a theoretical brown noise profile; and 3) the f 1% score is simply derived from f 0% and f 2% .
For the TNF dataset, the f 0 component of the MSE score was significantly lower for the lethal outcome group compared with the long-term survivors in the WOI (p = 0.0085) (Fig.  5A) . Because of the characteristic evolution toward random behavior after injection of TNF, f 2 scores were only briefly present after challenge, and differences were not significant. In addition to the absolute f 0 and f 2 scores, f 0% , f 1% , and f 2% MSE score components were calculated that quantify the percent-wise contribution of each component to the total profile ( Fig. 5, B and C) . The MSE f 0% score contribution was significantly lower for survivors in the WOI (p = 0.0262). Because MSE scoring is tuned to detect shape differences, subtle differences in absolute S E values in the normal range (S E , 0.7-1.5) are not reflected in the score. Therefore, the small difference in absolute S E values between survivor and lethal outcome groups for data block [20-40 min] were not captured by the MSE score (Fig. 4B ). For reference, the score was also calculated for the saline (PBS) dataset (Supplemental Fig. 4 , Supplemental Digital Content 1, http://links.lww.com/CCM/A945). The f 0 component was stable for all data blocks, while fluctuations in the f 2 component were observed, linked to handling stress.
The Effect of LPS-Induced Inflammatory Shock on Beat-to-Beat Variability
To avoid overfitting MSE profile features characteristic for TNF-induced shock, we validated MSE scoring in the widely used LPS-induced (endotoxic) shock model (out-of-sample test). Contrary to the TNF dataset, all animals in the LPS dataset were given a dose that was assumed to be lethal, resulting in both lethal outcome (n = 7) and long-term survivors (n = 7).
Similar to TNF, LPS challenge caused a transient increase in HR and MAP (Fig. 6, A and B) . After this initial peak, HR remained elevated, independent of the outcome, for about 5.5 hours, while MAP traces were overlapping for more than 6 hours. Hence, the WOI was defined starting at t = 0 until 5.5 hours post-LPS. Linear (time domain and frequency domain) indices were also affected similarly after LPS challenge for both categories, even outside the WOI (Fig. 6, C and D) . Also the www.ccmjournal.org e565 analysis of fractal dynamics by the DFA scaling coefficients failed to distinguish between lethal and survival outcomes (Fig. 6E) . TNF-induced mortality occurred within 14-20 hours, while the bulk of LPS-induced mortality was significantly delayed (18-30 hr, p = 0.0189) (Fig. 6F) .
The MSE Score Predicts Outcome of LPS-Induced Inflammatory Shock
Although MSE differences between LPS survivor and lethal outcome groups were more subtle compared with the TNF dataset, the f 0 component of the score again amplified the relevant features, resulting in significantly higher f 0 scores for the survivor category in the WOI (p = 0.0351) (Fig. 7A) . Similarly, f 0% scores were lower (p = 0.0413) and f 1% higher (p = 0.0106) for the survivors (Fig. 7,  B and C) . As for the TNF dataset, the f 2 score fluctuated early after LPS challenge, but significant differences were not detected.
DISCUSSION
We report that analysis of beat-to-beat interval variability at high temporal resolution (data blocks of 20 min) using MSE has great potential as a prognostic tool, based on models of TNFand LPS-induced inflammatory shock. Contrary to single-scale complexity methods, MSE can distinguish colored noise from white noise in physiological time series by measuring complexity over multiple scales. Considering that biological systems operate over multiple spatial and temporal scales, MSE is assumed to be a physiologically relevant metric of complex behavior (17) . As far as the authors are aware, this is the first study applying MSE in nonclinical inflammatory shock research.
Two clinical studies examined MSE and found it to be predictive for the onset of sepsis (22) or outcome (23) . However, a single MSE profile represents a lot of information as a function of scale and is therefore not straightforward to interpret. In the aforementioned studies, the area under the curve or averaged S E over all scales was used as an index of MSE. Here, these MSE indices were not able to distinguish between survival and lethal outcome in our TNF and LPS datasets (data not shown). On the other hand, one profile only presents information for a single time interval and, consequently, does not show the evolution of complexity as a function of time. Therefore, we developed the MSE scoring method that estimates the fit of an MSE profile to either white noise (random) or brown noise (random walk) datasets, the two possible extremes within a time series. The output of MSE scoring is easy to follow as a function of time, while not resulting in loss of information relevant to outcome. Using the TNF dataset to establish a proof-of-principle, MSE scoring can predict lethal outcome as early as 40 minutes post-TNF challenge, irrespective of the administered dose, in contrast to linear indices, DFA, hypotension, or bradycardia. To further validate the method, we applied it to an endotoxic shock dataset without changing any of the variables fine-tuned to the TNF dataset, to rule out overfitting. Furthermore, in this larger dataset, all animals received an LPS dose that was expected to be lethal. However, because of variations in LPS batch consistency, the use of mice from different sources, and the documented differences in cytokine expression dynamics to the same LPS dose in inbred mice (24) , these high doses resulted in similar morbidity and severely depressed The sd of normal-to-normal intervals, spectral properties, and DFA scaling coefficients, The lower the f 0 score, the better the fit to white noise, the higher the f 2 score, the better the fit to brown noise. Both indicate a deviation from the physiologically optimal pink noise (f 1 ), which is arbitrarily set at "1. " B and C, MSE scoring expressed as percentage f 0% , f 1% , and f 2% contribution for the lethal (B) and survival (C) groups. The higher the value of f 0% , the better the fit to white noise, the higher the value of f 2% , the better the fit to brown noise. Data are means ± sem and comparisons were made between both categories via repeated-measures analysis of variance in the window-of-interest (horizontal arrows). while the final outcome was unknown within the defined WOI. Similar to TNF, MSE scoring again detected significant differences in the WOI between the two endotoxic shock outcome categories. TNF-induced mortality fell within the 14-20 hours range, whereas this was delayed to 18-30 hours for LPS-induced mortality. Thus, although timing of mortality for both datasets was significantly different, the MSE score was still able to detect differences between survivors and lethal outcome in the LPS dataset before this was possible with any other variables.
The extreme and fast loss of variability, also detected with linear indices and DFA, argues in favor of a direct neurological effect on control of the heart, most likely mediated via chemosensitive afferent fibers of the sympathetic and parasympathetic ANS that react to inflammatory substances such as reactive oxygen species, cytokines, and prostaglandins, as well as direct effects on cardiac ion channels (24) (25) (26) (27) . The loss of variability was reflected in a very acute decline of S E over low scales, expanding to higher scales during the progression of TNF-or LPS-induced inflammatory shock, until in some cases the profile was approaching that of white noise. Thus, the uncoupling of ANS regulation of the heart became so extreme that the dynamical state of HR variability was almost completely random (white noise). Considering that functional denervation of the heart results in HR fluctuations that behave closer to brown noise (28) , our results cannot be explained by simple blockade of ANS input to the heart. Uncoupling is more likely to be the consequence of highly disturbed ANS signals that still modulate the sinus node to some extent, combined with disturbances in intrinsic heart function.
CONCLUSIONS
In conclusion, we showed that quantification of complex physiological functions such as BP beat interval dynamics has predictive value in both TNF-and LPS-induced murine shock models. Considering the high sensitivity of MSE, and the more clinically relevant MSE scoring in predicting outcome of inflammatory shock as early as 40 minutes after challenge, clinical validation seems feasible, also from a technical point of view. Next to its importance in prognosis and follow-up of disease progression, these measures could also be developed further to assess treatment response. We recently showed that the soluble guanylate cyclase activator cinaciguat can protect against lethal endotoxic shock and that administration of protective treatment is associated with an acute increase in certain variability measures (29) .
Together with other new and established measures of dynamical properties, MSE scoring can be developed further as an early diagnostic tool to identify risk of MODS, sepsis, and other life-threatening infectious and/or traumatic disorders that are characterized by changes in or even complete loss of complexity of physiological functions. The main strength of MSE scoring is that it provides a simple readout of complex multiscalar dynamics with very limited loss of information. Two caveats will have to be resolved: first, the models used in this study are characterized by a precisely defined onset of insult, which is rarely the case in the clinic. The relevance of such a timed event versus more gradually progressing disease will have to be assessed in future studies. Second, clinically relevant scoring systems will have to work online. However, the feasibility of this has already been reported (22, 30) . In addition to the development of early warning systems, translation of preclinical research could greatly benefit from a common marker that follows a similar profile in patients and the most widely used The lower the f 0 score, the better the fit to white noise, the higher the f 2 score, the better the fit to brown noise. Both indicate a deviation from the physiologically optimal pink noise (f 1 ), which is arbitrarily set at "1. " B and C, MSE scoring expressed as percentage f 0% , f 1% , and f 2% contribution for the lethal (B) and survival (C) groups. The higher the value of f 0% , the better the fit to white noise, the higher the value of f 2% , the better the fit to brown noise. Data are means ± sem and comparisons were made between both categories by repeated-measures analysis of variance in the window-of-interests (horizontal arrows). animal models of sepsis. The scale-invariant properties of biological complexity are independent of species-specific absolute HR differences (allometry). In other words, results obtained by nonlinear methods fully translate from mouse to man because of similar functional physiological properties, irrespective of allometric differences (31) .
